The cholinergic drive enhances input processing in attentional and mnemonic context by interacting with the activity of prefrontalhippocampal networks. During development, acetylcholine modulates neuronal proliferation, differentiation, and synaptic plasticity, yet its contribution to the maturation of cognitive processing resulting from early entrainment of neuronal networks in oscillatory rhythms remains widely unknown. Here we show that cholinergic projections growing into the rat prefrontal cortex (PFC) toward the end of the first postnatal week boost the generation of nested gamma oscillations superimposed on discontinuous spindle bursts by acting on functional muscarinic but not nicotinic receptors. Although electrical stimulation of cholinergic nuclei increased the occurrence of nested gamma spindle bursts by 41%, diminishment of the cholinergic input by either blockade of the receptors or chronic immunotoxic lesion had the opposite effect. This activation of locally generated gamma episodes by direct cholinergic projections to the PFC was accompanied by indirect modulation of underlying spindle bursts via cholinergic control of hippocampal theta activity. With ongoing maturation and switch of network activity from discontinuous bursts to continuous theta-gamma rhythms, accumulating cholinergic projections acting on both muscarinic and nicotinic receptors mediated the transition from high-amplitude slow to low-amplitude fast rhythms in the PFC. By exerting multiple actions on the oscillatory entrainment of developing prefrontal-hippocampal networks, the cholinergic input may refine them for later gating processing in executive and mnemonic tasks.
Introduction
Acetylcholine (ACh) controls the content and the intensity of conscious awareness. Initiated by the pioneering work of MacIntosh and Oboring (1955) , which demonstrated that ACh controls the neuronal excitability, the interest in the function of the cholinergic system greatly increased with the characterization of cholinergic antagonists as impairment agents of cognitive abilities (Deutsch, 1971; Drachman, 1977) and with the postmortem identification of reduced cholinergic markers in the brain of Alzheimer's disease patients (Bowen et al., 1976; Perry et al., 1978) . The cholinergic drive controls a large variety of cognitive processes, such as attention (Hasselmo and Sarter, 2011) , learning (Fine et al., 1997; Miranda and Bermú dez-Rattoni, 1999) , and memory (Hasselmo and Bower, 1992; Gil-Bea et al., 2010) by boosting the signal-to-noise ratio (Sillito and Kemp, 1983) in various cortical and subcortical nuclei entrained within a complex neuronal network (Everitt and Robbins, 1997) . The mutually interacting PFC and hippocampus (Hipp) represent the core of this network involved in cognitive processing (GoldmanRakic, 1995; Thierry et al., 2000; Warburton and Brown, 2010) .
Simultaneous recordings from both areas demonstrated that hippocampal theta oscillations control the firing of prefrontal neurons, thereby delivering the temporal coordination of oscillating networks accounting for information transfer and storage (Siapas and Wilson, 1998; Sirota et al., 2008; Wierzynski et al., 2009) . The activating cholinergic drive directly interacts with this oscillatory activity by modulating the hippocampal theta rhythm and shifting the neocortical activity from slow to fast oscillations (Buzsáki et al., 1983; Metherate et al., 1992; Manns et al., 2000) .
Anatomically, the ascending cholinergic system is well positioned for a modulatory role. The abundant cholinergic projections to the cortex mainly originate from the basal forebrain nuclei (BFn) that lie as a continuum extending from the medial septum (MS), vertical (VDB), and horizontal (HDB) limb of the diagonal band through the nucleus basalis (nB) to the globus pallidus (Rye et al., 1984; Semba and Fibiger, 1989) . The cholinergic afferents enter at approximately birth the primary sensory cortices and slightly later the Hipp (Matthews et al., 1974; Linke and Frotscher, 1993; Mechawar et al., 2002) , in which ACh exerts both trophic and modulatory function. ACh contributes to the wiring of neuronal networks and facilitates the neuronal plasticity as well as the formation of early cortical architecture (Bear and Singer, 1986; Hanganu and Luhmann, 2004; Kuczewski et al., 2005; Dupont et al., 2006; Hanganu et al., 2007) .
Despite consistent data supporting the role of cholinergic modulation for the activity-dependent maturation of sensory systems, it remains unknown how the cholinergic input interacts with the development of prefrontal-hippocampal networks. We showed recently that hippocampal theta bursts drive the discontinuous activity of the neonatal PFC, whereas theta-gamma rhythms entrain the prejuvenile prefrontal-hippocampal networks (Brockmann et al., 2011) . Here, we combined in vivo recordings from the neonatal and prejuvenile PFC and Hipp with pharmacological and immunohistochemical investigation as well as immunotoxic lesion. We provide evidence that the cholinergic projections facilitate the local coupling of prefrontal networks in gamma rhythms and modulate the early activity within prefrontal-hippocampal networks.
Materials and Methods
Surgical preparation. All experiments were performed in compliance with the German laws and the guidelines of the European Community for the use of animals in research and were approved by the local ethical committee. Pregnant Wistar rats were obtained at 14 -17 d of gestation from the animal facility of the University Medical Center Hamburg-Eppendorf, housed individually in breeding cages with a 12 h light/dark cycle, and fed ad libitum. Extracellular recordings were performed in the PFC (2-2.5 mm anterior to bregma and 0.2-0.7 mm from the midline) and intermediate Hipp (3-4 mm posterior to bregma and 3-4 mm from the midline) of postnatal day 0 (P0) to P14 male rats (Ashwell and Paxinos at al., 2008 ) using experimental protocols as described previously Yang et al., 2009; Brockmann et al., 2011) . Briefly, under light urethane anesthesia (0.5-1 g/kg; Sigma-Aldrich), the head of the pup was mounted into the stereotaxic apparatus (Stoelting) using two metal bars set in place with dental cement on the nasal and occipital bones, respectively. The bone over the PFC and Hipp was carefully removed by drilling holes of Ͻ0.5 mm in diameter. Removal of the underlying dura mater by drilling was avoided, because leakage of CSF or blood attenuates the cortical activity and single neuronal firing (I.L.H.-O., unpublished observations). The body of the animals was surrounded by cotton and kept at a constant temperature of 37°C by placing it on a heating blanket. After a 20 -60 min recovery period, multielectrode arrays (Silicon Michigan probes; NeuroNexus Technologies) were inserted perpendicularly to the skull surface into the PFC until a depth of 3 mm and perpendicularly or at 20°from the vertical plane into the Hipp at a depth of 2.5-3.5 mm. The electrodes were labeled with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethyl indocarbocyanine (DiI) (Invitrogen) to enable postmortem the reconstruction of electrode tracks in histological sections (see Figs. 2 A, 4D) . One or two silver wires were inserted into the cerebellum and served as ground and reference electrodes. Miniature earphones placed under the pup's body were sensitive enough to detect the smallest visible movements of the limbs as well as the breathing of pups during recordings.
Recording and stimulation protocols. Simultaneous recordings of field potential (FP) and multiple-unit activity (MUA) were performed from the PFC and Hipp using one-shank 16-channel Michigan electrodes (0.5-3 M⍀). The recording sites were separated by 50 or 100 m in vertical direction. The recording sites covered in the PFC the anatomical subdivisions cingulate cortex (Cg) and prelimbic cortex (PL) (Van Eden and Uylings, 1985) and in the intermediate Hipp the CA1 region (see Figs. 2 A, 4D ). Both FP and MUA were recorded for at least 900 s at a sampling rate of 32 kHz using multichannel extracellular amplifiers (Digital Lynx 4S from Neuralynx or USB-ME16-FAI System with gain of 1000 from Multichannel Systems) and the corresponding acquisition software (Cheetah or MC-RACK). Stimulation of cholinergic nuclei was performed at stereotaxic coordinates (0 -0.4 mm posterior to bregma, 1.5 mm lateral to midline, and 4 -5 mm ventral to the pial surface) corresponding to the DiI staining of the stimulation electrode (see Fig.  2 D) and to our previous results (Hanganu et al., 2007) . Single or trains of electrical pulses (0.3-0.5 V, for repeated stimuli: 10 stimuli at 10 or 100 Hz, every 30 s) were applied via a bipolar tungsten electrode (4 M⍀, tip separation of 0.4 mm; FHC) inserted into the BFn. The occurrence and intrinsic properties of all oscillations occurring between the trains of stimuli were averaged and compared with the nonstimulated conditions.
Pharmacological procedures. Pharmacological modification of the muscarinic (mAChRs) and nicotinic (nAChRs) acetylcholine receptors was performed on pups mounted in the stereotaxic apparatus. For this purpose, a 26 gauge bent needle (WPI) attached to a microsyringe pump controller (Micro4; WPI) was used to apply 1 l of solution at a rate of 100 -500 nl/min in the direct vicinity (Ͻ0.5 mm) of the Michigan electrode inserted into the PFC. The position of the electrode and the speed of application were chosen to avoid side effects attributable to mechanical damage of the tissue. After application, the needle was left in place for additional 1-3 min to allow the optimal diffusion of the solution. Solutions of atropine sulfate, mecamylamine hydrochloride (Sigma-Aldrich), or nicotine di-tartrate (Tocris Bioscience) were prepared on the day of the experiment in artificial CSF (ACSF) containing the following (in mM): 124 NaCl, 26 NaHCO 3 , 1.3 NaH 2 PO 4 , 1.9 MgCl 2 , 1.6 CaCl 2 , and 3 KCl, pH 7.4 (osmolarity, 333 mOsm). Control recordings were performed in each investigated pup before and after insertion of the injection syringe and after solvent (ACSF) injection. At the end of each injection, the needle was withdrawn and a 2-5 min recovery period was allowed before starting the recordings.
Immunotoxin injection. Anesthetized male P0 pups were placed on a preformed mold and immobilized with tapes. A 26 gauge straight needle (WPI) attached to a microsyringe pump controller (Micro4; WPI) was used to inject at a slow rate (0.1 l/min) 0.5 l of 192 IgG-saporin (SAP) (Millipore; 0.2 g/l, solved in 0.1 M PBS, pH 7.4) or 0.5 l of vehicle (0.1 M PBS, pH 7.4) into both lateral ventricles (1 mm posterior to bregma, 1 mm lateral to midline, and 2-2.5 mm ventral to pial surface). In some experiments, the immunotoxin or the vehicle was injected directly into the MS (0.1 mm anterior to bregma, 0.1 mm lateral to midline, and 3-4 mm ventral to the pial surface). In this case, 50 nl of SAP (0.5 g/l) or PBS was injected at a slow speed (20 -50 nl/min). After injection, the needle was left in place for additional 1-3 min to allow optimal diffusion of the solution. Under anesthesia, the scalp wound was closed with tissue adhesive, and the pups were tattooed on the paw or on the tail with animal tattoo ink (Raidex) using a 27 gauge needle. Pups were warmed up under a filament bulb and returned to the dam only after full recovery of body temperature and motor activity (30 -60 min) to prevent maternal infanticide behavior. In each investigated litter, nontreated, PBStreated, and immunotoxin-treated pups were observed daily (general and feeding behavior, weight). At P7-P8 or P14 -P15, the pups were anesthetized, fixed in the stereotaxic apparatus as described previously, and investigated for their prefrontal and/or hippocampal activity patterns.
Behavioral analysis. Male nontreated, PBS-treated, and SAP-treated pups originated from litters culled at birth to maximum of 12 pups. The litters included both males and females to avoid sex-based maternal behavioral biases (Alleva et al., 1989; Hahn and Lavooy, 2005) . To minimize the influence of circadian rhythms, all behavioral tests were conducted during the light phase of circadian cycle. One investigator performed the entire testing to prevent interobserver variability attributable to different handling of the pups. Pups were tested according to a modified Fox battery (Fox, 1965) for their reflexes and overall growth every second day from P1 to P11 and every day from P11 to P15. Weight, body, and tail length were quantified, and the day of eyelid and ear channel opening as well as of the incisor eruption were registered. Reflexes were scored as follows: (1) righting reflex: time (in seconds) until the pup turned over with all four feet on the ground after being placed on its back; (2) forelimb grasping reflex: positive (retraction of the paw or grasping of the toothpick) or negative reaction when the forepaw was touched with a toothpick; (3) cliff aversion reflex: time (in seconds) until the pup withdraws from the edge when the snout and the forepaws are placed over the edge of a table.
Staining protocols and immunohistochemistry. For staining of cholinergic neurons in the BFn and of cholinergic projections within the PFC and Hipp as well as for their double labeling together with GABAergic neurons or vesicular transporter proteins for Glu (vGluT1, vGluT2) , the rats were deeply anesthetized with 10% ketamine (aniMedica)/ 2% xylazine (WDT) in NaCl (10 l/g body weight, i.p.) and perfused transcardially with 4% paraformaldehyde dissolved in 0.1 M phosphate buffer, pH 7.4. The brains were removed and postfixed in the same solution for 24 h. Blocks of tissue containing the PFC, cholinergic nuclei, or Hipp were sectioned in either the coronal or sagittal plane at 20 or 50 m. Series of two to four consecutive sections were incubated with the mouse monoclonal antibody against purified rat brain choline acetyltransferase (ChAT) (gift from Dr. C. Cozzari, University of Rome, Italy and Dr. B. K. Hartman, University of Minnesota, Minneapolis, MN), guinea pig polyclonal antibody against recombinant GST-tagged vGluT2 (Millipore), guinea pig polyclonal antibody against rat synthetic linear vGluT1 peptide (Millipore), rabbit polyclonal antibody against recombinant mouse calbindin (CB) (Millipore), or rabbit polyclonal antibody against muscle parvalbumin (PV) (Swant) as described previously (Umbriaco et al., 1994; Mechawar et al., 2000; Henny and Jones, 2008) . Briefly, at room temperature (RT), free-floating sections were rinsed in PBS (0.1 M, pH 7.4) and preincubated for 2 h in PBS containing 2% normal horse serum (Vector Laboratories), 1% bovine serum albumin (Roth), and 0.2% Triton X-100 (Roth) to block unspecific staining. Overnight incubation with the anti-ChAT (1:250), anti-vGluT1 (1:2000) , anti-vGluT2 (1: 2000) , anti-PV (1:1000), or anti-CB (1:100) antibodies was followed by rinse in PBS and incubation for 90 min with the secondary Alexa Fluor-488 goat anti-mouse IgG, Alexa Fluor-546 goat anti-mouse IgG, or Alexa Fluor-546 goat anti-guinea pig antibodies (Invitrogen). Sections were then rinsed several times in PBS at RT and counterstained with Hoechst 3342 dye (1:1000; Invitrogen). The sections were air dried, coverslipped with Fluoromount G (Biozol), and examined using the 380, 488, or 546 nm excitation filters of a Carl Zeiss Imager M1 microscope. The photographs were adjusted for brightness and contrast using Adobe Photoshop CS4 (Adobe Systems). For quantification, 20-m-thick coronal slices including the PFC from three P7-P8 and three P14 rats were used, and 30 CB-positive cells per slice were tested for their proximity to ChATpositive fibers.
Fluorescent Nissl staining was performed as described previously (Quinn et al., 1995) using the NeuroTrace 500/525 green fluorescent Nissl stain (Invitrogen). Briefly, rehydrated slices were incubated for 20 min with 1:100 diluted NeuroTrace. Sections were washed, coverslipped with Fluoromount, and examined using the green filter (AF 488) of the fluorescence microscope (Imager M1; Carl Zeiss).
Receptor autoradiography and binding studies. Deeply anesthetized rat pups were killed by decapitation. The brains were quickly removed, shock frozen in liquid nitrogen, and stored at Ϫ80°C. Coronal sections of 20 m thickness were cut on a freezing microtome, mounted onto Superfrost slides, air dried, and kept at Ϫ20°C until use. [
125 I]Epibatidine binding was performed as described previously (Perry et al., 1999) . Briefly, the sections were preincubated with Tris-HCl-buffered solution (50 nM Tris-HCl, pH 7.4, 120 mM NaCl) for 10 min at RT and subsequently incubated in the same buffer in the presence of 0.4 nM [
125 I]epibatidine (PerkinElmer Life and Analytical Sciences) for 1 h at RT. Nonspecific binding was determined in adjacent sections in the presence of 200 M nicotine di-tartrate included in preincubation and incubation solutions. Sections were washed three times for 5 min in ice-cold distilled water and air dried at RT. Slides were exposed to Hyperfilm MP (GE Healthcare). For ␣-bungarotoxin binding, the slides were preincubated with the Tris-HCl-buffered solution for 10 min at RT and subsequently incubated with the same buffer containing Alexa Fluor-555 ␣-bungarotoxin (1:500; Invitrogen) for 2 h at RT. Nonspecific binding was determined in adjacent sections in the presence of 200 M nicotine di-tartrate included in preincubation and incubation solutions. Sections were rinsed three times for 5 min in ice-cold distilled water, with Hoechst 3342 dye (1:1000) added to the first wash for counterstaining. The slides were air dried, coverslipped using Fluoromount, and examined using the 546 nm excitation filter of the fluorescence microscope (Imager M1; Carl Zeiss).
Data analysis. Data were imported and analyzed offline using customwritten tools in Matlab software version 7.7 (MathWorks). To detect the oscillatory events, the raw data were filtered between 4 -30, 30 -100, or 100 -300 Hz using a Butterworth three-order filter. Discontinuous or continuous slow oscillations in theta-alpha frequency band were detected as FP deflections exceeding five times the baseline SD. Only discontinuous slow events lasting Ͼ100 ms, containing at least three cycles, and being not correlated with movement (twitches) were considered for analysis. For continuous activity, movement-associated epochs were removed. Fast events (gamma episodes in the PFC, gamma oscillations and ripples in the Hipp) superimposed on slow events were detected either automatically or by eye and confirmed by time-frequency plots. Spindle bursts (SB) and nested gamma spindle bursts (NG) were classified according to previously described criteria (Khazipov et al., 2004; Brockmann et al., 2011) . The presence of short gamma episodes automatically detected after 30 -100 Hz filtering and confirmed by eye on at least onethird of the cycles in intermittent slow oscillations led to classification of these events as NG. Intermittent oscillatory events, SB and NG in the PFC and theta bursts in the hippocampal CA1 area, were analyzed in their occurrence (defined as the number of bursts per minute), duration, maximum amplitude (defined as the voltage difference between the maximal positive and negative peaks), dominant frequency, as well as absolute and relative power in theta (cortical, 4 -8 Hz; hippocampal, 4 -10 Hz), alpha (cortical, (8) (9) (10) (11) (12) (13) , and beta (cortical, 13-30 Hz) frequency bands. For fast discontinuous gamma oscillations (30 -100 Hz), the duration and dominant frequency were investigated. Oscillatory activity was defined and analyzed as continuous if the average interburst interval was below 0.5 s. For continuous oscillatory activity, same parameters as for slow intermittent events, except occurrence and duration, were analyzed for 5-15 consecutive 60-s-long time windows. Time-frequency plots were calculated by transforming the FP events using Morlet continuous wavelet. Minimal and maximal intensities in power were normalized to values between 0 and 1 and were displayed in dark blue and red, respectively. For visualization of data, "whitened" spectrograms were calculated as described previously (Sirota et al., 2008) .
Prefrontal and hippocampal oscillations were termed simultaneous if their onset difference was Ͻ13 ms. Maximal cross-correlation and coherence coefficients of FP were calculated for all recording sites by using the hippocampal signal as reference. As spectral measure of correlation between two signals across frequencies, the coherence was calculated from the cross-spectral density between the two signals and normalized by the power spectral density of each (Jerbi et al., 2007) . The computation was performed according to the following formula:
where X i ( f ) and Y i ( f ) are the Fourier transforms of the signals x and y for the i data segment at frequency f, and * indicates the complex conjugate. The computations were performed using the magnitude-squared coherence function (Matlab) based on Welch's averaged periodogram method (non-overlapping 0.5 s time window, frequency resolution of 1 Hz). Statistics. Data in the text are presented as mean Ϯ SEM. Statistical analyses were performed with SPSS 15.0/Systat software (SPSS). All values were tested for normal distribution by the Kolmogorov-Smirnov test. For normally distributed values, paired or unpaired t test was used to detect significance levels (*p Ͻ 0.05, **p Ͻ 0.01, or ***p Ͻ 0.001). Values that were not normally distributed were tested by nonparametric tests (Mann-Whitney-Wilcoxon test).
Results

Ingrowing cholinergic projections from the basal forebrain target GABAergic neurons in the neonatal and prejuvenile PFC
To get a first insight into the role of cholinergic innervation for the maturation of prefrontal networks, we characterized the developmental profile of ingrowing projections from the cholinergic BFn to the PFC during the first 2 postnatal weeks. To avoid the influence of different maturation dynamics in males and females of the cholinergic system (Muñoz-Cueto et al., 1991; Arters et al., 1998) , only male pups were used for all investigations. Immunohistochemical staining for ChAT performed at P0, P6, and P13 (n ϭ 18 pups) on coronal and sagittal sections including the PFC revealed the progressive densification of cholinergic axons with age. Although ChAT-positive projections cannot be de- tected in the PFC at approximately birth, scattered low-density axons appeared in the cortical plate (CP) and layers V and VI toward the end of the first postnatal week (Fig. 1A) . Similar dynamics of cholinergic innervation characterized the two anatomical subdivisions of the PFC, the Cg, and the PL. With ongoing maturation, the density of cholinergic projections increased in all layers but particularly in the upper layers II/III (Fig. 1 B) . Additionally, few ChAT-positive cells, which have been described previously (Eckenstein et al., 1988; Lysakowski et al., 1989) but the function of which is still unknown, could be detected in the prejuvenile PFC (Fig. 1 A) . Their projections represent Ͻ10% of the total amount of ChAT fibers (Vaucher and Hamel, 1995) , and, therefore, these intracortical cholinergic neurons most likely do not account for the increased density of cholinergic projections in prejuvenile rats.
To identify the targets of cholinergic projections into the PFC, double stainings for ChAT and GABAergic markers CB and PV, as well as for ChAT, vGluT1, and vGluT2, were performed (Fig.  1C,D) . The low expression of PV and vGluT1 in the neonatal PFC precluded additional investigation. In contrast, a large number of CB-positive cells were present in both the neonatal and prejuvenile PFC, although their density decreased toward the end of the second postnatal week (Fig. 1Ci) . Investigation of coronal sections stained for both ChAT and CB revealed that, throughout the entire development, cholinergic projections run very closely and seem to contact a fraction (31.3 Ϯ 3.3% in P7-P8 rats, 23.1 Ϯ 1.3% in P14 rats) of prefrontal CB-positive cells (Fig. 1Cii) . The opposite was observed when double staining for ChAT and vGluT2 was performed (Fig. 1 D) . The vGluT2 varicosities distributed over the layers of neonatal and prejuvenile PFC were not spatially correlated with ChAT-stained fibers. Although the cellular interactions between cholinergic projections and different types of prefrontal neurons remain to be investigated in detail, these preliminary data suggest that the ingrowing projections initially target GABAergic neurons in the developing PFC.
Activation of cholinergic projections differentially modulates the dominant activity patterns of the neonatal Cg and PL
To decide whether the early cholinergic innervation acting mainly on CB-positive GABAergic neurons influences the patterns of prefrontal oscillatory activity, we electrically stimulated the cholinergic BFn and simultaneously recorded the FP and MUA in the PFC of P7-P8 rat pups (n ϭ 13) (Fig. 2 A) . We recently characterized in detail the spontaneous network activity of the rat PFC during the first 2 postnatal weeks (Brockmann et al., 2011) . At the arrival of the first cholinergic axons, the PFC shows discontinuous patterns of oscillatory activity (Fig. 2 B) that, according to their properties, have been classified previously as SB, intermittent spindle-shape field oscillations with main frequency within theta band (Fig. 2Ci) , and as NG, theta-alphaband network oscillations superimposed with short phase-locked oscillations in gamma frequency band (Fig. 2Cii) . These patterns of activity show distinct spatial and temporal organization as well as current generators over the Cg and PL. As shown previously, SB predominate in the Cg, whereas NGs have the highest occurrence in the prelimbic networks, in which they are also generated.
Stimulation of the BFn was performed as described previously using stereotaxic coordinates (Hanganu et al., 2007; Ashwell and Paxinos, 2008) that were confirmed by DiI labeling of the electrodes (Fig. 2 D) . The deep insertion of the stimulation electrode required by the ventral localization of the BFn may have damaging effects on several brain structures with more dorsal position and, therefore, indirectly on the prefrontal activity. To decide on the consequences of such unspecific lesion, we investigated the oscillatory activity of the PFC before and after insertion of the stimulation electrode (n ϭ 5 pups). The occurrence of SB in the Cg and PL was comparable before (3.38 Ϯ 0.58 and 3.61 Ϯ 0.35 bursts/min) and after (2.88 Ϯ 0.3 and 2.95 Ϯ 0.36 bursts/min) insertion. The same lack of effects was observed for the occurrence of NGs in the Cg (before, 0.2 Ϯ 0.11 bursts/min; after, 0.06 Ϯ 0.04 bursts/min) and PL (before, 0.5 Ϯ 0.1 bursts/min; after, 0.34 Ϯ 0.1 bursts/min) and for the intrinsic properties (amplitude, duration, dominant frequency) of SB and NG. Only the amplitude of cingulate NG decreased significantly ( p ϭ 0.02) from 189.46 Ϯ 48.18 to 108.88 Ϯ 22.05 V after electrode insertion.
Single electrical stimulation of the nB performed every 30 s elicited oscillatory discharge in the Cg and PL of three of five investigated pups. These oscillations started shortly after the stimulus onset (Cg, 0.53 Ϯ 0.05 s; PL, 0.57 Ϯ 0.05 s) and had high amplitude (Fig. 2 E) . Because of the immaturity of cholinergic innervation, the failure rate of stimulation was also high, with only ϳ27% of stimulations evoking oscillatory discharge. To increase the efficiency of stimulation and mimic the ACh release in vivo that correlates with the bursting firing at 10 Hz of nB cholinergic neurons (Khateb et al., 1992; Alonso et al., 1996) , we used the previously described tetanic stimulation protocol (Metherate and Ashe, 1991; Rasmusson et al., 1994; Hanganu et al., 2007) . Repetitive stimulation of the BFn at 10 Hz for 1 s performed every 30 s for 20 -30 times was defined as stimulation epoch. Because very few, if any, cholinergic projections are present in the PFC before P7, the stimulation protocol was not applied to rats younger than P7. Tetanic stimulation of the BFn had different effects on the oscillatory activity of the Cg and PL (Fig. 2 F) . Although BFn stimulation did not modify the properties of cingulate SB and NG, it increased significantly ( p ϭ 0.043) the occurrence of prelimbic NG from 0.34 Ϯ 0.1 bursts/min (n ϭ 5 pups) after insertion of the stimulation electrode to 0.48 Ϯ 0.13 bursts/min during the stimulation epoch. Moreover, the duration of prelimbic SB decreased from 2.93 Ϯ 0.22 to 2.15 Ϯ 0.17 s ( p ϭ 0.038). These data suggest that, despite the equal presence of cholinergic axons able to evoke oscillatory activity in both Cg and PL, their repetitive electrical activation at frequencies (ϳ10 Hz) similar to neuronal bursting in the nB in vivo predominantly modulates the prelimbic NG.
Immunotoxic lesion of all cholinergic nuclei modifies the oscillatory activity of the developing PL The cholinergic forebrain innervation controls not only the adult cortical structure and function (Gu, 2002) but also the activity-dependent maturation of the primary sensory cortices (Höhmann, 2003; Hanganu et al., 2007) . To decide on its role for the developing PFC, we analyzed the effects of long-lasting impairment of cholinergic neurons on the oscillatory activity of the Cg and PL. For this purpose, we used a selective method to permanently lesion the cholinergic neurons of all BFn. In contrast to electrolytic or excitatory acid-induced lesions (Höhmann and Coyle, 1988) , with an inherent lack of sensitivity, immunolesion using SAP led to exclusive destruction of cholinergic neurons in the BFn by recognizing the expressed p75 receptor (Wiley et al., 1991; Book et al., 1992; Robertson et al., 1998; Pappas and Sherren, 2003) .
When intracerebroventricularly applied, SAP impaired the cholinergic neurons in all BFn (Fig. 3A) . The consequences of progressive SAP-induced cholinergic depletion were investigated in 32 pups from seven litters at two developmental stages, the end of the first (P7-P8) and of the second (P14 -P15) postnatal week. As shown by our previous results, the prefrontal SB and NG reaching maximal amplitude and occurrence at approximately P7-P8 are replaced during the second postnatal week by continuous oscillatory rhythms with dominant frequency in theta band Figure 2 . Effects of cholinergic activation on the patterns of network activity in the neonatal PFC. A, Digital photomontage reconstructing the location of the DiI-covered recording electrode (orange) in the PFC of a Nissl-stained 50-m-thick coronal section (green) from a P7 rat. Blue dots mark the 16 recording sites covering the cingulate and the prelimbic areas of the PFC. B, Extracellular FP recording of the intermittent oscillatory activity in the PFC of a P7 rat. Blue squares mark the SB, whereas red squares correspond to NG. The trace is accompanied by the "whitened" spectrogram of FP at identical timescale. The white dotted line marks the lower border of gamma frequency band (30 Hz). Note the wider frequency distribution for NG than for SB. Ci, Characteristic SB displayed before (top) and after bandpass (4 -30 and 30 -100 Hz) filtering (middle) and the corresponding MUA after 300 Hz high-pass filtering. Note the low spike discharge during SB. Color-coded frequency plots shows the wavelet spectrum of the FP with a mean frequency in alpha band and without detectable gamma activity. Cii, Characteristic NG displayed before (top) and after bandpass (4 -30 and 30 -100 Hz) filtering (middle) and the corresponding MUA after 300 Hz high-pass filtering. Note the presence of prominent gamma episodes that are accompanied by spike discharge. The top color-coded wavelet spectrum reveals the main frequency of NG within the theta-alpha band, whereas the NG episodes appear as periodic high-power spots on the bottom wavelet. D, Digital photomontage reconstructing the location of DiI-covered bipolar stimulation electrode (yellow) in a 100-m-thick Nissl-stained coronal section, including the nB. Ei, Examples of SB elicited in the Cg and PL by single electrical stimulation of the nB. Red arrows mark the electrical stimulus. Stimulus artifacts were removed. Eii, Properties of SB evoked in the Cg and PL after single stimulation of the nB. Bar diagrams depict the similar onset (left) and the significantly ( p Ͻ 0.05) different amplitude (right) of evoked oscillations in the two prefrontal areas. F, Bar diagram displaying the occurrence of SB and NG in the Cg and PL of five P7-P8 pups after electrode insertion (I) and tetanic stimulation of the nB (S).
(4 -8 Hz), over which low-amplitude short gamma episodes are superimposed (Brockmann et al., 2011) . All investigated rats were divided into three groups: (1) nontreated pups (n ϭ 9), (2) pups receiving a bilateral injection of a total of 1 l of PBS (solvent for SAP) at P0 (n ϭ 11) that served as control, and (3) pups receiving a bilateral injection of a total of 1 l of SAP (0.2 g/l)
in PBS at P0 (n ϭ 12). As comprehensively characterized in previous studies (Robertson et al., 1998) , SAP treatment led to massive and progressive reduction in the number of BFn cholinergic neurons in the SAP-treated pups when compared with the nontreated pups, whereas no significant changes were observed after PBS injection (controls) (Fig. 3B) . Quantification of the neuronal Figure 3 . Consequences of global cholinergic depletion by SAP on the prefrontal network activity and the developmental milestones of rat pups. A, Scheme of experimental setup for recording the PFC (blue) and impairing all cholinergic nuclei by intracerebroventricular injection of SAP (yellow) at P0. B, Immunohistochemistry of ChAT-positive neurons of nontreated (i), PBS-treated (ii), and SAP-treated (iii) pups. The pups were intracerebroventricularly injected at P0 and investigated at P7. Note the decreased number of cholinergic neurons in SAP-treated pups when compared with nontreated or PBS-treated rats. C, Bar diagram displaying the density of ChAT-positive neurons under nontreated conditions (white), after PBS treatment (gray), and after SAP lesion (black). The number of investigated pups is marked on the corresponding bar. D, Developmental profile of somatic growth [body weight (i), body length (ii)] and reflexes [righting reflex (iii), cliff aversion reflex (iv)] in PBS-treated (gray) and SAP-treated (black) pups. E, Consequence of SAP treatment on the prefrontal patterns of neonatal activity. Ei, Extracellular FP recordings from the PL of a P7 PBS-treated pup (gray) and a P7 SAP-treated pup (black). Blue and red squares differentiate between SB and NG. Eii, Bar diagram displaying the mean amplitude (top) and occurrence (bottom) of SB (blue) and NG (red) in the Cg and PL of seven PBS-treated and eight SAP-treated pups. Fi, Extracellular FP recordings from the PL of a P14 PBS-treated pup (gray) and a P14 SAP-treated pup (black). Fii, Bar diagram displaying the amplitude and mean frequency of continuous activity in the Cg and PL of four SAP-lesioned pups normalized to the properties of PBS-treated pups (dotted line).
loss in all cholinergic nuclei at P7 showed that SAP significantly (p ϭ 0.038) reduced the density of cholinergic neurons from 314.75 Ϯ 9.84 cells/mm 2 in nontreated pups (n ϭ 5) to 229.51 Ϯ 16.39 cells/mm 2 in SAP-treated pups (n ϭ 5), whereas PBS injection had no significant effect on the number of cholinergic neurons (281.97 Ϯ 11.48 cells/mm 2 , n ϭ 4 pups) (Fig. 3C) . Because SAP treatment may generally impair the development of pups by affecting their behavior and feeding abilities (Leanza et al., 1996; Pappas et al., 1996) , we analyzed the developmental milestones and the reflexes of control and SAP-treated pups. Both groups showed similar progressive increase in body weight and length as well as in tail length during the first 2 postnatal weeks, indicating that SAP treatment did not affect the feeding abilities of pups (Fig. 3Di,Dii) . Moreover, the thermoregulation maturated similarly in both groups, as shown by the comparable age-dependent decrease of the difference between the body temperature at the beginning and at the end of the investigation (data not shown). SAP-treated pups had normal reflexes, with neither the righting nor the cliff aversion (Fig. 3Diii,Div) or forelimb grasping reflex showing abnormal developmental dynamics. The similar maturation of control and SAP-treated pups was additionally confirmed by the opening of the eyes and ears as well as by the incisor eruption taking place at same age. These results argue for normal physical development of rat pups during the first 2 postnatal weeks after SAP-induced cholinergic impairment. Remarkably, higher and repeated doses of the toxin have been reported to dramatically affect the physical development of the pups, especially their feeding behavior (Robertson et al., 1998) .
At the end of the first postnatal week, both control and SAPtreated pups expressed discontinuous oscillatory activity as reported previously for nontreated pups. However, SAP-induced impairment of cholinergic neurons in all BFn differentially affected the properties of SB and NG in the Cg and PL. Although the occurrence of cingulate SB and NG was similar in control and SAP-treated pups, their intrinsic properties were substantially affected by the lesion (Table 1 ). The significant decrease in the amplitude of SB and NG from 132.02 Ϯ 9.93 and 202.74 Ϯ 10.89 V to 106.66 Ϯ 6.99 and 156.03 Ϯ 18.74 V, respectively (Fig.  3Eii) , was accompanied by a shortening of their duration from 2.74 Ϯ 0.15 and 2.99 Ϯ 0.26 s to 2.28 Ϯ 0.12 and 1.68 Ϯ 0.23 s, respectively, indicating that the reduced cholinergic input led to a subtle diminishment of the network activity in the Cg. Additionally, the early cholinergic impairment had prominent consequences on the discontinuous activity of the PL. The slight decrease in the duration of prelimbic SB was accompanied by a significant ( p ϭ 0.011) reduction of the NG occurrence from 0.44 Ϯ 0.08 to 0.13 Ϯ 0.06 bursts/min (n ϭ 15 pups; Fig. 3Ei ,Eii) and duration. Remarkably, the maximum amplitude of the remaining NG significantly ( p ϭ 0.008) increased from 122.28 Ϯ 13.77 to 216.9 Ϯ 17.54 V after SAP injection (Fig. 3Eii) . Despite constant dominant frequency within theta range, SAP treatment caused a shift in the relative power of the NG from slow theta to fast beta frequencies. Together, these data indicate that early global depletion of the cholinergic input has the strongest impact on the prelimbic NG by affecting the entrainment of neonatal networks in gamma episodes.
With ongoing maturation, the progressively increasing lesion of cholinergic neurons significantly affected the prefrontal oscillatory activity that switched at approximately P10 from discontinuous events to continuous theta-gamma rhythms (Fig. 3F ) . As for the discontinuous patterns, the SAP effects on the cingulate continuous activity were less prominent than on the prelimbic rhythms (Table 1 ). The prelimbic activity of SAP-treated pups had a significantly ( p ϭ 0.001) higher amplitude of 306.2 Ϯ 8.36 V (n ϭ 4 pups) than the control pups (269.87 Ϯ 6.31 V, n ϭ 4 pups). Although the main frequency of continuous thetagamma rhythm did not change as a consequence of SAP treatment, the relative power within the gamma frequency band decreased from 10.8 Ϯ 0.58 to 7.81 Ϯ 0.29% and within slowfrequency bands increased from 21.3 Ϯ 0.4 to 22.59 Ϯ 0.38% after the reduction of the cholinergic tone.
Thus, these results demonstrate that early global diminishment of the cholinergic input hampers the local network coupling in gamma episodes and modifies the properties of the underlying slow bursts.
Selective immunotoxic lesion of cholinergic neurons in the MS modifies the prefrontal patterns of oscillatory activity
SAP lesion of all cholinergic nuclei has global effects on both neocortical and hippocampal networks, because the nB mainly innervates the neocortical areas, whereas the MS and VDB provide the cholinergic innervation of the Hipp (Woolf, 1991) . Therefore, the diminishment of prefrontal, especially prelimbic superimposed gamma episodes, after intracerebroventricular SAP treatment might result from decreased cholinergic innervation of the PFC but also from abnormal hippocampal function as a consequence of cholinergic deprivation. We recently showed that the prefrontal and hippocampal oscillations are tightly coupled, with the early discontinuous theta bursts in the Hipp driving the oscillatory activity of the neonatal PFC and especially of the PL (Brockmann et al., 2011) . To dissect the mechanisms by which the cholinergic innervation controls the prefrontal activity, we selectively impaired the cholinergic neurons projecting to the Hipp but not to other neocortical areas by injecting SAP in the MS/VDB at P0 (Fig. 4 A) and recording simultaneously the PFC and Hipp 7-8 d later. ChAT staining revealed that SAP significantly ( p ϭ 0.001) decreased the density of cholinergic neurons in the MS from 176.41 Ϯ 8.88 cells/mm 2 in PBS-treated pups (n ϭ 5) to 133.32 Ϯ 7.88 cells/mm 2 (n ϭ 5) (Fig. 4 Bi,Bii,C). In contrast, SAP had no effect on the neighboring HDB, in which the number of cholinergic cells remained constant (PBS, SAP treatment affects the theta bursts that represent the dominant pattern of network activity recorded in the CA1 area of the neonatal Hipp (Fig. 4D) . Reduction of the cholinergic input from the MS/VDB to the Hipp significantly (p ϭ 0.008) augmented the amplitude of theta bursts from 61.03 Ϯ 3.12 to 87.16 Ϯ 8.77 V (n ϭ 5 pups) (Fig. 4E) , whereas their occurrence, dominant frequency, and the relative power were not affected (Table 2 ). This effect contrasts to the previously described SAP-induced reduction in the amplitude of adult theta activity (Lee et al., 1994; Yoder and Pang, 2005) . The different cellular mechanisms underlying the generation of neonatal theta bursts versus adult theta rhythms may account for this discrepancy. Whereas adult theta activity emerges from the interplay between excitatory and inhibitory drives (Lee et al., 1994; Hasselmo, 2005) , the neonatal theta bursts may be intrinsically generated (Karlsson and Blumberg, 2003) and involve subcortical triggers in the absence of "classical" GABAergic inhibition (Ben-Ari, 2002) . Modification of the hippocampal activity after the diminishment of cholinergic input to the Hipp affected the prefrontal SB and NG differently as the global SAP lesion of all cholinergic nuclei. The Figure 4 . Consequences of selective immunotoxic lesion of the cholinergic MS on the activity patterns within the prefrontal-hippocampal network. A, Scheme of experimental setup for recording the PFC (blue) and impairing some cholinergic nuclei (yellow). The spared cholinergic nuclei are marked in dark gray. B, Immunohistochemistry of ChAT-positive neurons in the MS (i, ii) and in the HDB (iii, iv) of PBS-treated (i, iii), and SAP-treated (ii, iv) pups. The pups were injected at P0 and investigated at P7. Note the decreased number of cholinergic neurons in the MS but not HDB of SAP-treated pups when compared with PBS-treated rats. C, Bar diagram displaying the density of ChAT-positive neurons in the MS and HDB of five PBS-treated (gray) and five SAP-lesioned (black) pups. Di, Digital photomontage reconstructing the location of the DiI-covered recording electrode (orange) in the intermediate Hipp of a Nissl-stained 50-m-thick coronal section (green) from a P7 rat. Dii, Characteristic theta burst recorded in the CA1 area of the intermediate Hipp of a P7 rat and displayed after bandpass filtering (4 -80 Hz). E, Consequences of SAP treatment on the prefrontal and hippocampal patterns of neonatal activity. Bar diagram displaying the mean amplitude of hippocampal theta bursts as well as of SB (blue) and NG (red) in the Cg and PL of PBS-and SAP-treated pups. The white numbers on the bars correspond to the number of investigated pups. F, Effects of SAP treatment on the temporal coupling of hippocampal and prefrontal activity. Bar diagram displaying the relative occurrence of oscillatory events that are present either exclusively in the PFC or in the Hipp or simultaneously in both regions of PBS-treated (gray) and SAP-treated (black) pups.
Properties of neonatal SB and NG as well as of prejuvenile continuous theta-gamma oscillations recorded in the Cg and PL of the control (intracerebroventricular injection of PBS) and cholinergically impaired (intracerebroventricular injection of SAP) rats
amplitude, but not the occurrence, of SB in the Cg and of both SB and NG in the PL was significantly increased and most likely mirrors the augmented amplitude of driving theta bursts in the Hipp (Fig.  4E , Table 2 ). Diminishment of the cholinergic innervation did not affect the coupling through synchronization between the PFC and Hipp. Neither the fraction of oscillatory events occurring simultaneously in both areas [48.14 Ϯ 3% in PBS-treated pups (n ϭ 5), 54.7 Ϯ 2.5% in SAP-treated pups (n ϭ 5)] (Fig. 4F) nor the theta-band coherence between oscillatory events in the PFC and Hipp (0.41 Ϯ 0.03 in PBS-treated pups, 0.38 Ϯ 0.02 in SAP-treated pups) was significantly modified. These results suggest that direct cholinergic projections to prefrontal GABAergic neurons accounts for the activation of NG episodes, whereas cholinergic modulation of prefrontal-hippocampal networks shapes the amplitude of underlying theta oscillations. mAChRs but not nAChRs mediate the cholinergic modulation of discontinuous patterns of oscillatory activity in the neonatal PFC Manipulation of the cholinergic input by either electrical stimulation or SAP-induced lesion profoundly modifies the neonatal oscillatory activity in the PFC by modulating the NG. This effect seems to be attributable to the direct action of cholinergic projections targeting prefrontal GABAergic neurons that entrain local networks in gamma oscillations. To get additional insights into the mechanisms of cholinergic modulation, we investigated the effects of locally applied agonists and antagonists of mAChRs and nAChRs on the prefrontal activity in vivo. Cortical application of the selective mAChR antagonist atropine (1 l, 10 mg/kg body weight, in ACSF) was performed unilaterally in five P7-P8 pups. Although a very small volume was applied and the speed of injection was very low (ϳ100 -250 nl/min), some of the atropineinduced effects could have been caused by pressure-or lesionrelated action. To exclude any side effects, injections using only vehicle (1 l of ACSF) were performed before atropine application in all investigated pups. Although very few and inconsistent differences to the non-manipulated conditions were detected, the patterns recorded in ACSF were considered in all experiments as control values to which the antagonist-or agonist-induced effects were compared.
Atropine slightly modified the discontinuous activity patterns of the neonatal Cg by reducing the duration of NG from 2.4 Ϯ 0.27 to 1.04 Ϯ 0.3 s (n ϭ 5 pups, p ϭ 0.028) and decreasing their relative power in the alpha frequency band but increasing it in the fast beta and gamma frequency bands (Table 3 ). The occurrence, amplitude, and main frequency of SB and NG were not affected by the blockade of mAChRs (Fig. 5A, Table 3 ). In contrast, atropine strongly modified the PL activity. The occurrence of NG significantly decreased from 0.42 Ϯ 0.08 to 0.11 Ϯ 0.04 bursts/ min (n ϭ 5 pups), whereas the SB occurrence increased from 1.72 Ϯ 0.18 to 2 Ϯ 0.13 bursts/min ( p ϭ 0.043) (Fig. 5A) . mAChR blockade significantly ( p ϭ 0.032) decreased the firing frequency of PL neurons from 1.38 Ϯ 0.24 Hz under control conditions to 0.82 Ϯ 0.19 Hz after atropine application. Additionally, the prelimbic SB were modified after mAChR blockade, with their duration slightly decreasing ( p ϭ 0.049) from 2.29 Ϯ 0.15 to 1.93 Ϯ 0.16 s (n ϭ 5 pups) (Table 3 ). These results indicate that mAChRs mediate the facilitating effect of cholinergic input on the prelimbic gamma episodes. To decide whether nAChRs equally contribute to the cholinergic modulation of the prefrontal oscillatory activity, we locally applied the specific agonist nicotine (1 l, 10 mg/kg body weight, in ACSF) into the Cg and PL of five P7-P8 pups. Their patterns of oscillatory activity were similar before (in ACSF) and after activation of nAChRs with nicotine (Fig. 5B) , and only the amplitude of NG in the Cg was reduced from 240.75 Ϯ 30.24 to 208.39 Ϯ 28.65 V (p ϭ 0.019). The absence of consistent nicotine effects was confirmed by the application of the nAChRs antagonist mecamylamine hydrochloride (MLA) (1 l, 10 mg/kg body weight, in ACSF). The SB and NG in the Cg and PL had similar properties under control conditions and after MLA injection, and only the main frequency of NG in the Cg augmented in the presence of MLA from 8.05 Ϯ 0.72 to 12.22 Ϯ 1.38 Hz (n ϭ 4 pups). Neither nicotine nor MLA affected the firing of PL neurons and the generation of gamma episodes. These results indicate that nAChRs do not mediate the influence of cholinergic input on the PFC.
These findings are surprising, especially in light of the previously reported ability of nAChR-mediated excitability to interfere with the oscillatory activity of the adult neocortex (Armitage et al., 1969; Siok et al., 2006; Lu and Henderson, 2010) . One possible explanation for the inability of nAChRs to contribute to the cholinergic control of prefrontal SB and NG might be their functional absence in the neonatal PFC. Previous studies reported that binding sites for the most frequent nAChR subtypes, ␣4␤2 and ␣7, are detectable during embryonic development and reached adult features already during the first postnatal week (Tribollet et al., 2004; Huang and Winzer-Serhan, 2006 ), yet none of them focused specifically on the Cg and PL. Because the specificity of antibodies directed against the epitopes of nAChR subunits are still questionable (Moser et al., 2007) , we investigated the distribution and density of binding sites for ␣4␤2 and ␣7 in the PFC of P6 -P7 rats by incubating lightly fixed fresh-frozen coronal sections with either [ 125 I]epibatidine for targeting ␣4␤2 nAChRs or fluorophore-coupled ␣-bungarotoxin for targeting ␣7 nAChRs. [ 125 I]Epibatidine binding sites were found widely distributed over the Cg and PL, whereas preincubation of slices with nicotine led to their disappearance (Fig. 6A) .
[
125 I]Epibatidine intensely labeled the prelimbic layer VI and the remnants of the subplate and to a lesser extent the layer V. A diffuse labeling of weak intensity was seen through the entire Cg and the upper layers (II-III) of the PL. ␣-Bungarotoxin binding sites were identified only in the absence of preincubation with nicotine ( Fig. 6 B) in all layers of the Cg and PL, but the highest density was detected in the upper layers. Thus, both ␣4␤2 and ␣7 nAChRs are functionally expressed in the PFC neurons toward the end of the first postnatal week, but they seem to not contribute to the cholinergic control of network activity in the neonatal PFC.
Both mAChRs and nAChRs mediate the cholinergic modulation of continuous patterns of oscillatory activity in the prejuvenile PFC As shown by the results of SAP lesion, the cholinergic input from the BFn modulates not only the oscillatory activity of the neonatal but also of the prejuvenile Cg and PL. To decide on the receptor type mediating the cholinergic modulation at this age, we investigated the effects of locally applied agonists and antagonists of mAChRs and nAChRs on the continuous theta-gamma oscillations in the PFC of P14 -P15 rats. Blockade of mAChRs by atropine strongly increased the amplitude of theta rhythm from 146.38 Ϯ 3.59 V (n ϭ 5 pups) in the Cg and 216.62 Ϯ 4.23 V (n ϭ 5 pups) in the PL under control conditions (ACSF) to 348.7 Ϯ 20.67 and 262.68 Ϯ 8.9 V, respectively (Fig. 7 A, C) . Simultaneously, the oscillatory rhythms became slower as the relative power in the theta frequency band increased and in the beta-gamma frequency band decreased after atropine application (Table 4) . Thus, blockade of mAChRs in the prejuvenile PFC had similar effects as reported for the adult neocortex, in which atropine application increased the synchronization of EEG patterns by augmenting their amplitude and power in the 1-5 Hz range (Metherate et al., 1992) . The firing of prefrontal neurons (control, 0.82 Ϯ 0.11 Hz; atropine, 1.03 Ϯ 0.11 Hz; n ϭ 5 pups) and the occurrence of gamma episodes superimposed on the theta rhythm (control, 41.11 Ϯ 0.94 episodes/min; atropine, 39.74 Ϯ 1.43 episodes/min; n ϭ 5 pups) were not affected by the blockade of mAChRs with atropine. These results suggest that, even if the cholinergic input equally controls the PFC during both neonatal and prejuvenile development, it interacts with differentially assembled networks during the two stages of development. This hypothesis is supported also by the contribution of nAChRs to the prejuvenile cholinergic control, the manipulation of which changed the continuous theta-gamma rhythms (Fig. 7 B, C) . Locally applied nicotine decreased the amplitude of theta rhythms from 229.36 Ϯ 8.38 to 204.18 Ϯ 6.88 V (n ϭ 5 pups) in the Cg and from 244.66 Ϯ 7.96 to 225.14 Ϯ 6.16 V (n ϭ 5 pups) in the PL (Table 4 ). The main frequency remained constant before and after nicotine application, but the relative power shifted from slow theta band to fast beta-gamma band. Similar effects of nicotine on the neocortical EEG patterns have been reported in adult cats and humans (Armitage et al., 1969; Knott, 1988) , suggesting that the ability of nAChRs to mediate the cholinergic control of the PFC maturates during the second postnatal week. In contrast, MLA had less prominent effects on the continuous Cg and PL activity (Table 4) .
Together, these data indicate that, with ongoing maturation of prefrontal networks and emergence of continuous patterns of Figure 7 . Effects of acute pharmacological manipulations of mAChRs and nAChRs on the oscillatory activity of the prejuvenile PFC. A, ConsequencesoflocalmAChRblockadeonthecontinuoustheta-gammaoscillationsintheCgandPL.ExtracellularFPrecordingsfromthe PL of a P14 rat before (ACSF, top trace) and after (bottom trace) intracortical injection of atropine. Note the higher amplitude of theta oscillations in the presence of atropine. B, Consequences of local nAChR activation on continuous theta-gamma oscillations of the Cg and PL.ExtracellularFPrecordingsfromthePLofaP14ratbefore(ACSF,toptrace)andafter(bottomtrace)intracorticalinjectionofnicotine.C, Bar diagram displaying the amplitude and main frequency of continuous oscillations in the Cg and PL of five atropine-treated (black) and five nicotine-treated (gray) pups normalized to the properties of oscillations after ACSF injection (dotted line).
activity, both mAChRs and nAChRs mediate the effects of cholinergic input on the prefrontal oscillations.
Discussion
Cholinergic input from the basal forebrain controls the adult cognitive abilities by modulating the oscillatory entrainment of complex neuronal networks. Here, we investigated the role of ingrowing cholinergic projections for the maturation of activity patterns in the PFC of neonatal and prejuvenile rats and of the oscillatory coupling within developing prefrontal-hippocampal networks. We demonstrate for the first time the following: (1) cholinergic projections reach the PFC toward the end of the first postnatal week and initially target GABAergic neurons; (2) activation of the cholinergic projections boosts the prefrontal oscillatory discharge, especially the prelimbic superimposed gamma episodes of NG; (3) cholinergic innervation modulates the prefrontal activity both directly by facilitating NG and indirectly by controlling the hippocampal theta drive; and (4) mAChRs, but not nAChRs, mediate the neonatal cholinergic modulation, whereas both receptor types act in prejuvenile networks.
Cholinergic modulation of the neonatal PFC
Several lines of evidence indicate that, during neonatal development, ACh mainly modulates the prelimbic networks locally entrained in short gamma oscillations. In a first instance, repeated electrical stimulation of the BFn at the bursting frequency of cholinergic neurons facilitated the oscillatory entrainment of prelimbic networks by augmenting the occurrence of NG. This effect is attributable to neither stronger cholinergic innervation nor different degrees of functional maturation in the PL versus Cg. As far as the low number of cholinergic projections initially entering the PFC lets us discriminate, their density or ingrowth dynamics are similar in the neonatal Cg and PL. Equal distribution of cholinergic projections has been reported also for the adult Cg and PL (Mayo et al., 1984; Rye et al., 1984; Gaykema et al., 1990) . Moreover, the target of these projections, mAChRs and nAChRs, do not show an area-specific accumulation in the neonatal PFC (Tribollet et al., 2004; present data) . Conversely, cholinergic projections to both Cg and PL are functional toward the end of the first postnatal week, because their activation by single electrical stimuli led with similar efficiency to oscillatory discharge in both areas.
The effects of neonatal cholinergic depletion by SAP represent the second piece of evidence for the preferential cholinergic modulation of prelimbic NG. According to anatomical studies, the lesion of cholinergic BFn starts 24 h after SAP injection and reaches its maximum 10 -17 d later (Robertson et al., 1998; Koh et al., 2005) . Despite the fact that 7-8 d after SAP treatment only 20 -50% of the cholinergic neurons get lost, the occurrence of NG in the PL strongly decreased, whereas their diminishment in the Cg was not at a significant level. Even if the most prominent and specific SAP effect in the neonatal PFC was the reduction of superimposed gamma episodes, the intrinsic properties of the underlying slow bursts were affected in a similar way as reported 
